The purpose of this study was to demonstrate the effect of human magnocellular (M)-pathway disruption on global motion perception. Coherence thresholds for global motion direction discrimination in random dot patterns were determined at slow and moderate dot speeds: (1) after adaptation to full-field sinusoidal flicker or a steady gray field, and (2) on a red or a gray background. Adaptation to flicker and a red background increased motion coherence thresholds relative to the gray baseline conditions at both dot speeds. Physiological studies have shown that M cells in the retina and LGN are inhibited by red light and are a main contributor to flicker perception in monkeys. Therefore, our results suggest that interference with processing in the subcortical M pathway disrupts higher-level motion integration.
Introduction
The subcortical visual pathways contain at least two subdivisions, magnocellular (M) and parvocellular (P) , that start in the retina and continue through separate layers in the thalamic lateral geniculate nucleus (LGN) to the visual cortex (Shapley, 1990) . The transient response properties of M cells in the retina and the magnocelluar layers of the LGN has implicated them in motion perception (De Yoe & Van Essen, 1988; Lennie, Trevarthen, Van Essen, & Wassle, 1990; Schiller, 1986) . Cells in the M pathway with direction selectivity, however, are not found before cortical areas V1 and V2 (De Yoe & Van Essen, 1988; Shipp & Zeki, 2002) . In V1 and V2 there is a mingling of the M and P inputs, but a predominant projection from the M pathway continues dorsally to areas V5/MT and MST and on to the posterior parietal cortex (De Yoe & Van Essen, 1988) . V5/MT is considered to be the location where motion information is integrated, thereby allowing for global motion perception (Maunsell & Newsome, 1987) . Newsome and Pare (1988) demonstrated that lesions to V5/MT in monkeys elevate coherence thresholds on a global motion task (see Fig. 1A ), a finding supported by subsequent V5/MT lesion studies (Rudolph & Pasternak, 1999) . Humans with damage to the hypothesized homologue of V5/MT also show global motion deficits (Baker, Hess, & Zihl, 1991; Vaina, Cowey, & Kennedy, 1999; Zihl, Von Cramon, & Mai, 1983) . Recent work comparing the human functional MRI response to the monkey single-neuron response found that, in both, neural activity in V5/MT increased linearly with increased coherence in global motion displays (Rees, Friston, & Koch, 2000) .
Several studies with monkeys and humans have indicated a direct link between subcortical M-pathway damage and deficits on motion processing tasks. A study by Maunsell, Nealy, and DePriest (1990) demonstrated that blocking the responses of the M layers of monkey LGN significantly reduced the response of V5/MT cells to moving stimuli. In human clinical studies, coherence thresholds on a global motion task have been shown to be elevated in individuals with optic neuritis (Barton & Rizzo, 1994) or glaucoma (Silverman, Trick, & Hart, 1990) . In both disorders, the subcortical M pathway is presumed to be damaged.
While the tradition was to assume motion signals were carried exclusively by the M pathway, evidence has emerged that demonstrates that the chromatically sensitive P pathway also plays a crucial role in motion perception (Anderson, Drasdo, & Thompson, 1995; Cavanagh & Anstis, 1991; Cavanagh & Favreau, 1985; Cavanagh, Tyler, & Favreau, 1984; Cropper & Derrington, 1996; Derrington & Badcock, 1985; Takeuchi, Devalois, & Hardy, 2003) . It has been suggested that normal motion processing only occurs if both the M and the P pathways are functioning properly (De Valois, Cottaris, Mahon, Elfar, & Wilson, 2000) .
Previous studies on the role of the subcortical M pathway in motion perception have been limited to work with monkeys or clinical populations. It is the goal of this study to develop psychophysical methods for disrupting M-pathway processing in normal human observers and to examine the effect of these techniques on global motion processing. The two techniques we chose are flicker adaptation and presentation of stimuli on a red background.
Neurons in the M pathway are sensitive to flickering stimuli, with maximum sensitivity at 10 Hz (Lee, Martin, & Valberg, 1989) . Lesions to the M layers of the LGN cause deficits in both critical flicker fusion (Merigan & Maunsell, 1990 ) and flicker detection (Schiller, Logothetis, & Charles, 1990) , demonstrating a role for the M pathway in flicker perception. A study examining the effects of luminance flicker on VEP signals also concluded that flicker adaptation reduced the response of the fast conducting M pathway (Brigell, Strafella, Parmeggiani, DeMarco, & Celesia, 1996) . Previous research has used extended periods of flicker adaptation as a way of fatiguing the M cells and disrupting M-pathway function. Sensitivity to flicker (Nilsson, Richmond, & Nelson, 1975; Pantle, 1971; Shady, MacLeod, & Fisher, 2004) , contrast sensitivity thresholds for drifting or counterphase-flickering gratings with lower spatial frequencies (Green, 1981) and perceived speed (Clifford & Wenderoth, 1999) were found to decrease following flicker adaptation.
A subset of M cells in the monkey retina and LGN have an inhibitory surround that is selectively sensitive to long wavelengths of light (De Monasterio & Schein, 1980; Dreher, Fukada, & Rodieck, 1976; Kruger, 1977; Lee, 1996; Livingstone & Hubel, 1987; Shapley, 1990; Wiesel & Hubel, 1966) . Both the phasic-type responses of these type IV neurons and their normal spontaneous activity are suppressed in the presence of a large red field (Dreher et al., 1976; Kruger, 1977; Wiesel & Hubel, 1966). Suppression effects by long wavelength light have been confirmed psychophysically by several studies showing that meta-contrast masking (thought to be driven by fast M-pathway responses) is decreased in magnitude in the presence of a red field (Bedwell, Brown, & Miller, 2003; Breitmeyer & Williams, 1990; Edwards, Hogben, Clark, & Pratt, 1996; Pammer & Lovegrove, 2001) .
In the present study, coherence thresholds for direction discrimination of global motion were determined after flicker adaptation and with the stimuli presented on a red background. We predicted that with both techniques, coherence thresholds would be elevated.
Methods

Observers
The observers were 56 undergraduate students (19 men; mean age = 25.5 years; age range = 18-42 years) who received course credit for participation. All observers had normal or corrected-to-normal visual acuity and normal colour vision.
Apparatus
Each observerÕs visual acuity was measured using the Regan high contrast letter chart (Regan, 1988) . Colour vision was assessed using the FarnsworthÕs D 15 test. Custom Matlab code, using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) , was used to generate stimuli on a Macintosh G4 computer and display them on a 17 0 0 Macintosh monitor (with a resolution of 1024 · 768 and frame rate of 75 Hz). The experiment was conducted in a dimly lit room. Stimuli were viewed binocularly at a viewing distance of 74 cm.
Stimuli
Full screen global motion stimuli were generated with white dots (luminance of 100 cd/m 2 ) on background colors that changed with the experimental conditions. Limited lifetime dots were 0.1 deg in diameter distributed at a density of 1.0 dot/deg 2 . Stimuli were presented for four frames, for a trial length of 213 ms and moved at a constant dot speed of 0.935 deg/s for one group of subjects, and a dot speed of 8.0 deg/s for the other (see Fig. 1A ). We chose the slow dot speed because it has previously been implicated as the best speed for revealing global motion deficits in children with dyslexia (Edwards et al., 2004) . We chose the faster dot speed to fall within the optimum speed range of neurons in V5/MT (Britten, Shadlen, Newsome, & Movshon, 1993) .
The first experimental condition began with flicker adaptation. Observers adapted to full screen sinusoidal flicker (modulating between 1 and 100 cd/m 2 ) with a frequency of 9.375 Hz for 2 min. The control condition began with 2 min of adaptation to a gray field with a mean luminance of 50 cd/m 2 . A series of beeps indicated the end of the adaptation phase and the beginning of the motion trials. Global motion stimuli were presented on the gray control background. In both of these conditions a re-adaptation period of 387 ms was presented between the motion trials (see Fig. 1B ).
In the second experimental condition, the global motion trials were presented on a red background. In the control condition, the motion trials were presented on a luminance matched gray background (30 cd/m 2 ). Each condition began with the presentation of a uniform red or gray field, followed 5 s later by the start of the motion trials. The screen returned to the uniform red or gray field for 387 ms between motion trials (see Fig. 1B ).
Procedure
Twenty-eight observers were assigned to each of the dot speed groups. Prior to beginning the experiment a practice session was completed, in which observers completed 4 runs of 20 trials. The practice stimuli were white dots on a gray background with a mean luminance of 50 cd/m 2 , and the speed was matched according to the dot speed group to which each observer was assigned.
Once the motion trials were initiated in both experimental conditions, the structure of a run was the same. After each motion stimulus, there was a 387 ms break in which the observerÕs task was to indicate the direction in which most of the dots were moving (left/right judgment) by pressing the corresponding button on a gamepad. Observers were instructed to respond as quickly and accurately as possible once the dots had left the screen on each trial, and to guess if unsure (see Fig. 1B) .
In each run, stimuli were presented using a 2-down-1-up adaptive staircase method, beginning with 100% coherence. The initial step size was 20% coherence. From the third response reversal onward, the step size was halved at each reversal until reaching the minimum step size of 1% coherence. A run ended after 10 reversals.
Coherence thresholds for each run were determined by fitting Weibull functions (Watson, 1979) to the psychometric functions for each observer. The threshold was defined as the point at which 82% of the responses were correct.
Results
On average, coherence thresholds at the slow speed (0.22) were significantly higher than coherence thresholds at the faster speed (0.13; F 3,162 = 4.079; p < 0.01), indicating poorer performance at the slow speed regardless of the condition.
Coherence thresholds for each observer for each experimental condition were converted to a threshold elevation score ([threshold experimental À threshold control ]/ threshold control ). At the slow speed, coherence thresholds were elevated, on average, by both the flicker adaptation (37%; t 27 = 3.848, p < 0.001) and the red background (27%; background (t 27 = 2.871, p < 0.01). Similarly at the faster speed, coherence thresholds were elevated by flicker adaptation (43%; t 27 = 2.288, p < 0.05) and the red background (34%; t 27 = 2.090, p < 0.05). There was no significant difference in the threshold elevation as a result of the condition (F 1,24 = 0.515; p = 0.47) or speed (F 1,24 = 0.176; p = 0.67). Fig. 2A compares the threshold elevation on the slow global motion task following flicker adaptation versus on a red background for individual observers. Fig. 2B shows the same information for the faster global motion task. At the slow speed, 25 of 28 observers showed ele- vated coherence thresholds on at least one task and 18 had thresholds that increased in both experimental conditions. At the faster speed, 22 of 28 observers showed elevated coherence thresholds on at least one task and 10 had thresholds that increased in both experimental conditions.
Discussion
Previous research on both humans and monkeys indicates a link between motion processing deficits and damage to the subcortical M pathway, and its cortical projections (Merigan, Byrne, & Maunsell, 1991; Merigan & Maunsell, 1990 Newsome & Pare, 1988; Rudolph & Pasternak, 1999) . The M pathway has been shown to be sensitive to flicker (Green, 1981; Lee et al., 1989; Nilsson et al., 1975; Pantle, 1971 ) and inhibited by long wavelength light (De Monasterio & Schein, 1980; Dreher et al., 1976; Kruger, 1977; Lee, 1996; Livingstone & Hubel, 1987; Shapley, 1990; Wiesel & Hubel, 1966) . This study evaluated the performance on a global motion task at two speeds after flicker adaptation and with the stimuli presented on a red background. We predicted that both techniques would disrupt M-pathway function and elevate coherence thresholds. This prediction was confirmed, as coherence threshold elevations were significant at both speeds in both conditions.
Our findings raise two important questions: How do deficits in direction discrimination arise from non-directional disruption techniques and what mediates the degraded perception of motion following disruption? Previous physiological studies suggest that global motion integration occurs in cortical V5/MT (Maunsell & Newsome, 1987) and psychophysical studies examining the effects of spatial and temporal integration indicate that coherence thresholds are a measure of higher-level motion processing (Burr & Santoro, 2001; Morrone, Burr, & Vaina, 1995; Watamaniuk & Sekuler, 1992) . Flicker adaptation and red backgrounds, however, presumably act at subcortical sites in the M pathway. Our results suggest that the higher-level motion integration mechanisms are reliant on a non-degraded low-level motion signal thus supporting the hypothesis of a two stage process for motion analysis (e.g. Burr & Santoro, 2001; Morrone et al., 1995) .
An alternative explanation, in light of the evidence that flicker adaptation reduces contrast sensitivity (Green, 1981) , is that the disruption techniques effectively reduce the contrast of the motion displays. We cannot rule out the possibility that the coherence threshold elevation is a contrast rather than a motion integration effect because we did not measure perceived contrast in the experimental conditions. We think this possibility is unlikely, however, because previous work has shown that contrast does not affect coherence thresholds until contrast drops below 15% (Edwards, Badcock, & Nishida, 1996) . In support of this, coherence thresholds in our study were identical at Michelson contrasts of 33% (flicker baseline) and 54% (red baseline). In addition, motion integration is reportedly enhanced at low contrasts (Lorenceau & Shiffrar, 1992; Takeuchi, 1998) .
The disruption techniques elevate coherence thresholds but do not eliminate direction discrimination ability. The degraded perception of motion could be mediated by the partially disrupted M pathway and/or the unaffected P pathway. Motion processing via the chromatically sensitive P pathway is well established in isoluminant displays where the M pathway is ineffective (Anderson et al., 1995; Cavanagh & Anstis, 1991; Cavanagh & Favreau, 1985; Cavanagh et al., 1984; Cropper & Derrington, 1996; Derrington & Badcock, 1985; Takeuchi et al., 2003) . According to De Valois et al. (2000) , motion processing involves inputs from both the P and M pathways--subsequently a reduction in the quality of information coming from one pathway is likely to cause an overall motion processing deficit regardless of whether the other pathway is functioning normally. It would be interesting to examine the effect of the disruption techniques described here on isoluminant global motion displays.
The group threshold elevations in the present study were similar at the slow and faster speeds, but the threshold elevations were more robust across individual subjects at the slow speed (compare Fig. 2A and B) . This may reflect a difference in signal strength between the slow and faster speeds. At slow speeds, the high-level cortical response is reduced (Britten et al., 1993) . It follows that disruption of an already weak signal should produce a more robust effect. The more consistent threshold elevations at the slow speed may reflect the ability of the P pathway to carry the motion signal. The well-documented effect that isoluminant displays appear to move more slowly (Cavanagh & Anstis, 1991) suggests that any signal carried by the P pathway may be perceived as slowing down. If this is the case, and the disruption techniques place more of a burden on the P pathway, then reducing the speed of an already slow stimulus may result in more consistent elevations than reducing the speed of a faster stimulus.
We hypothesize that flicker adaptation and red backgrounds weaken the signal from local motion detectors by changing their direction, speed or contrast tuning. This in turn leads to poorer motion integration at higher levels.
Conclusions
Coherence thresholds for direction discrimination on a global motion task were elevated at slow and moderate dot speeds following flicker adaptation or with the stimuli presented on a red background. Based on previous psychophysical and physiological evidence, flicker adaptation and a red background are known to disrupt the M pathway. Since this disruption is assumed to occur at a subcortical level and the motion integration for global motion displays is assumed to occur at a cortical level, our results support a two-stage hypothesis of motion processing combining low-level motion detectors with high-level motion integrators.
